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Polyhydroxyalkanoates  (PHA), a family  of diverse  bio-polyesters,  are produced  by many  bacteria  as  an
energy and  carbon  storage  material.  PHA synthesis  regulatory  protein  PhaR  was  reported  to  attach  on
the  surface  of intracellular  PHA  granules  for convenience  of synthesis  regulation.  PhaR  was  found  to  have
an amphiphilic  property.  However,  no study  was  conducted  to  exploit  this  property  for  applications  as
bio-surfactant  and  bactericide  agent.  Puriﬁed  PhaR  showed  a higher  emulsiﬁcation  ability than  that  of
the  widely  used  chemical  surfactants  including  SDS,  Tween  20, sodium  oleate,  and  liqueﬁed  detergent
(LD).  PhaR  also  showed  a higher  emulsiﬁcation  ability  than  bio-surfactants  rhamnose  and PHA granules
associated  protein  termed  phasin  or  PhaP.  Non-puriﬁed  PhaR,  namely,  the  native  inclusion  bodies  and
◦
HA synthesis regulatory protein
iosurfactant
acteriacide
cell lysates,  also  demonstrated  to be  an  excellent  surfactant.  PhaR  was  found  highly  stable  even at  95 C.
In addition,  PhaR was  revealed  to  be  a  promising  bactericidal  agent  against  Gram  positive  and  negative
bacteria.  PhaR  can  be conveniently  produced  by recombinant  Escherichia  coli.  It has  shown  to be  a  bio-
surfactant  with  excellent  emulsiﬁcation  ability  and  strong  bactericidal  capacity  at elevated  temperature
as  high  as  95 ◦C. Therefore,  PhaR  could  be  used  in  areas  including  food,  beverage,  pharmaceutical  and
cosmetics  industries.
 201©
. Introduction
Bio-surfactants, a family of collective amphiphilic compounds
ontaining hydrophilic and hydrophobic ends that can be synthe-
ized by some microorganisms (Handrick et al., 2004; Marchant
nd Banat, 2012; Maneerat, 2005), are playing more and more
mportant roles in industrial areas of food, beverage, pharma-
eutical, cosmetics, oil and mining exploitation as emulsiﬁers,
emulsiﬁers, wetting agent, penetrant and bubbles agents et al.
Müller et al., 2012; Shubhrasekhar et al., 2013; Xia et al., 2012;
haje Bafghi and Fazaelipoor, 2012; Ramani et al., 2012; Cerqueira
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et al., 2012; Xu et al., 2011). Bio-surfactants include lipopeptides,
lipopolysaccharides, lipoproteins and glycolipids, e.g., rhamno-
lipids, glycoglycerolipids et al. (Guilmanov et al., 2002; Ogawa and
Ota, 2000).
Polyhydroxyalkanoates (PHA), a family of diverse bio-
polyesters, are produced by bacteria as an energy and carbon
storage material (Chen, 2009; Chen and Wu,  2005). Many proteins
including PHA synthase (PhaC), PHA depolymerase (PhaZ), granule
associated protein (PhaP) and repressor protein (PhaR), were
reported to attach on the surface of intracellular PHA granules
(Pfeiffer and Jendrossek, 2011; Wang et al., 2011; De Almeida et al.,
2007). PhaR has one domain bound to a speciﬁc DNA sequence and
another to PHB granules. PhaR was also reported able to in vitro
bind to both artiﬁcial amorphous and crystalline PHB granules
tightly (Yamada et al., 2007), unpuriﬁed PhaR in cell lysates of
Escherichia coli was  able to rebind to PHB granules (Yamada
et al., 2007; Yamashita et al., 2006). More interestingly, PhaR was
reported to bind to the surfaces of polystyrene, poly(lactic acid)
Open access under CC BY-NC-ND license.and polyethylene, demonstrating its non-speciﬁc hydrophobic
interaction (Yamashita et al., 2006). In addition, PhaR was used as
an afﬁnity tag for recombinant protein puriﬁcation (Zhang et al.,
2010). A similar protein PhaP, the major binding protein on PHA
license.
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cig. 1. Construction of PhaR expression plasmid pET28a-phaR and SDS-PAGE analy
xpression plasmid encoding phaR and his-tag. (b) SDS-PAGE analysis of PhaR. Lane
eated at 95 ◦C for 60 min.
ranules, was  proven as a bio-surfactant with a high emulsiﬁcation
bility (Wei  et al., 2011).
Since PhaR and PhaP are both PHA granule binding proteins, it
ould be interesting to learn if PhaR possesses similar or better
mulsiﬁcation ability in its puriﬁed or non puriﬁed forms as inclu-
ion bodies or as proteins in cell lysates. As a surfactant, possible
ntibacterial ability of PhaR was also investigated.
. Materials and methods
.1. Construction of plasmids
Vector pET28a regulated by T7lac promoter was employed to
xpress phaR gene from Aeromonas hydrophila 4AK4. Primers P1-up
5′-GGAATTCCATATGGCCACGACCAAAAAA-3′) and P1-down (5′-
GCCCAAGCTTAAGCTTCTTCTTGTCCGGCTGGTTGA-3′) were used
o PCR fragment phaR from the genome of A. hydrophila 4AK4. The
uriﬁed fragment was then digested with Nde I and Hind III, and
nserted to Vector pET28a, followed by digestion with Nde I and
ind III. The sequencing result showed that phaR was correctly
onnected to the pET28a vector (Invitrogen, Shanghai, China).
.2. Preparation of puriﬁed PhaR, PhaR inclusion bodies and PhaR
ell lysates
The constructed plasmid was introduced into E. coli Trans 5
TransGen Biotech, Beijing, China) to keep its ﬁdelity and was
xpressed in E. coli BL21 (DE3) (Tiangen, Beijing, China). The recom-
inant was grown in 1000 ml  Luria Bertani (LB) medium containing
.5% yeast extract, 1% w/v Bacto tryptone, 1% NaCl, and 100 mg/ml
mpicillin in 3 L shake ﬂasks under 37 ◦C and 200 rpm (HNY, Tianjin
onour Instrument Co. Ltd., China). When OD600 of the LB cul-
ures reached 0.5, isopropyl -d-1-thiogalactopyranoside (IPTG)
as added to a ﬁnal concentration of 1 mM to induce the expres-
ion of the phaR, and the cells were further cultured under 15 ◦C
nd 200 rpm for 18 h to allow PhaR production. The cells were then
arvested via centrifugation (5000 × g) for 1 h and washed with
ris–HCl buffer (pH 8.0), and were subsequently suspended in the
ame buffer of 40 ml.  The cell suspension was treated by sonication
JY92-IIN, Ningbo, China) for 15 min  at 40% output. After centrifu-
ation (12,000 × g) for 1 h at 4 ◦C, the supernatant containing crude
xtract of abundant PhaR was collected. Subsequent puriﬁcation
as conducted with the common published methods, resulting inoluble and puriﬁed PhaR (Xu et al., 2011; Li et al., 2012; Wei  et al.,
011) (Fig. 2).
To obtain PhaR inclusion bodies, IPTG was added to a ﬁnal con-
entration of 1 mM to induce the expression of the phaR whenuriﬁed PhaR produced by expression of the plasmid. (a) Structure of recombinant
iﬁcation of recombinant PhaR::his-tag produced by E. coli BL21(DE3); lane 2: PhaR
OD600 of the LB cultures reached 0.5, and the cells were further
cultured under 25 ◦C and 200 rpm for 18 h. Subsequently, the cells
were washed with 20 ml  pre-cooling sterilized water after culti-
vation and harvested in the same way as that for puriﬁed PhaR,
the cell suspension was sonicated (JY92-IIN, Ningbo, China) for
15 min  at 40% output. Finally PhaR inclusion bodies were obtained
as precipitates after centrifugation (5000 × g) for 15 min at 4 ◦C.
After washing for 2–3 times with pre-cooling sterilized water, the
inclusion bodies were maintained in 10 ml  sterilized water as a
suspension and stored at −80 ◦C. To study the emulsiﬁcation func-
tion of PhaR in the inclusion body form, two control groups were
employed. The control samples were prepared as following: when
OD600 of the LB cultures reached 0.5, no IPTG was added and the
cells were further cultured under 25 ◦C and 200 rpm for 18 h. The
cells were collected by centrifugation, 20 ml  pre-cooling, steril-
ized and re-distilled water were added to suspend the precipitated
biomass. After sonication (40% equipment output), centrifugation
(4 ◦C and 14,000 × g) was  conducted for 15 min, the supernatant
and precipitates were collected, respectively. After 2–3 times wash-
ing using pre-cooling and re-distilled water, the precipitated PhaR
inclusion bodies were freeze dried to obtain the powder form of
PhaR inclusion bodies. The powder was  stored at −80 ◦C. The sus-
pension was prepared for emulsiﬁcation control study by adding
water to the supernatant to adjust its OD600 equal to 3000 g/ml
of PhaR solution (Fig. 2).
As a comparision, PhaR cell lysates were obtained in the same
way as puriﬁed PhaR was, without using His·tag puriﬁcation kit and
its follow-up puriﬁcation. Cell lysates were placed in a freeze dryer
(LGJ-10, Beijing, China) overnight. The resulting cell lysate powder
was stored at −80 ◦C (Fig. 2).
2.3. Preparation of PhaR solution and emulsiﬁcation studies
Lyophilized PhaR in powder form was  dissolved in deionized
water to form a 1000 g/ml soluble PhaR solution, which was  fur-
ther diluted to generate 500, 200, 100 and 50 g/ml PhaR solutions,
respectively. Similarly, solutions of 3000, 1000 and 500 g/ml PhaR
inclusion bodies, and 3000, 2000, 1000 and 500 g/ml PhaR cell
lysates solutions were prepared, respectively.
Following analytical grade chemicals were used, including:
sodium dodecyl sulfate (SDS) (Bio-Rad, P&G, USA), Tween 20
(Donglian, Beijing East Central United Chemical, China), sodium
oleate (SO) (Donglian, Beijing East Central United Chemical, China),
and a common liqueﬁed detergent (LD) (Goldﬁsh, Beijing, China).
Bovine serum albumin (BSA) (MBI; Pure One, Shanghai, China) and
bio-surfactants rhamnose and PhaP were also used. Their solu-
tions were prepared to 500 g/ml in the same way  as that of PhaR,
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IPTG) was  added, after subsequent puriﬁcations, puriﬁed PhaR, PhaR inclusion bod
he  inclusion body form, two control groups without adding PhaR were employed.
espectively. Lubricating oil (Mobil, USA), diesel (China National
etroleum Co. Ltd., China), and soybean oil (Fulinmen, COFCO,
hina) were used in the emulsiﬁcation studies, respectively.
0.5 ml  of every aqueous surfactant solution and 0.5 ml of oil
f different kinds were mixed together in cylindrical glass vials,
espectively. The mixtures of oil and aqueous solutions were then
reated by maximum vortexing (at about 1300 rpm) (XH-C, Jinyi,
hanghai, China) for 120 s, or by sonication (80 W)  (JY92-II N,
ingbo, China) for 30 s. All samples were stored in a dark room
t 25 ◦C and emulsiﬁcation values were measured after 2 and 30
ays, respectively.
.4. Calculation of emulsiﬁcation value and stability test
By measuring the height of the emulsion layer and the total
eight of the mixture (Fig. 3), following equation can be used to
alculate the emulsiﬁcation value (Wei  et al., 2011):
mulsiﬁcation Value = Height of the emulsion layer
Height of all layers
× 100%
For every emulsiﬁcation value, three parallel samples were mea-
ured.
.5. Thermal stability study on PhaR emulsion
A 500 g/ml PhaR solution was heated at 95 ◦C in a water bath
or 60 min. Then, 0.5 ml  of heat-treated PhaR solution and 0.5 ml
f oil were mixed and added into cylindrical glass vials, followed
y maximum vortexing (about 1300 rpm) for 120 s. As a control,
mulsions of non-heat-treated PhaR solution and oil were pre-
ared ﬁrst. The emulsions were subjected to heating at 95 ◦C for
0 min  in a water bath. After the heat treatment, all samples were
tored in a cool and dark room at 25 ◦C. Emulsiﬁcation values of all
xperimental groups were measured after 2 days.
.6. Effect of PhaR concentration and mixing on emulsiﬁcation
0.5 ml  PhaR in concentrations of 500, 200, 100 g/ml and 0
deionized water), were used to emulsify the same volume of
iesel, soybean oil and lubricating oil, respectively. In one group,
mulsions of diesel, soybean oil and lubricating oil were obtained
ia 2 min  maximum vortexing (about 1300 rpm), respectively,
nd as controls, emulsions of diesel, soybean oil and lubricating
il in another group were obtained under 30 s sonication (80 W),. When OD600 of the LB cultures reached 0.5, isopropyl -d-1-Thiogalactopyranoside
d PhaR cell lysates were obtained. To study the emulsiﬁcation function of PhaR in
respectively. All samples were ready for storage in the cool and
dark room for 2 days before their emulsiﬁcations were evaluated.
2.7. Contact angle measurement for hydrophilicity study
Following surfactants were used for this study: SDS, Tween 20,
sodium oleate (SO), PhaP and PhaR. Their solutions were prepared
to 500 g/ml, respectively. Hand cream of cosmetic grade (Q10 Col-
lagen, Product No. 100288215, Watsons, HK) were evenly coated
on glass slides, which were placed on the contact angle detector
(JY-82 C, Dingsheng, Chengde, China). Each drop of a surfactant
aqueous solution was  2 l. The measurement process was  carried
out at room temperature (25 ◦C). For each sample, six parallel mea-
surements were conducted.
2.8. PhaR as a food additive
Sweetened full cream milk powder (Nestle, USA) was  used here.
According to the product user guides, only 15 g milk powder could
be dissolved in 100 ml  water. However, 30 g of the milk powder
were dissolved in 100 ml  of distilled water at 50 ◦C in this study.
Different amounts of PhaR in its powder form were dissolved in
the milk powder suspension to reach a PhaR concentration of
250 g/ml and 500 g/ml, respectively. All samples were stored in a
dark room at 25 ◦C. The solubility of the milk powder was observed
after 2 h initially. Its stability was studied after 3 days. One drop of
the milk aqueous suspension (30 g/L) was  placed on a glass slide
under a light microscope (Nikon, ECLIPSE Ti, Japan), and the cen-
ter position of the coverslip was  selected for observation of the
formation of a stable emulsion.
2.9. PhaR as an antimicrobial agent
Staphyloccocus aureus,  a Gram positive bacterium, and E. coli,
representative of Gram negative bacteria, were used for the study.
In order to obtain the Minimum Inhibitory Concentration (MIC)
of PhaR on S. aureus,  PhaR was diluted to 20, 40, 60, 80 and
100 g/ml in a series of 10 ml  test tubes, respectively. Antibiotics
kanamycin (Km) and ampicillin (AMP) were employed as controls
in concentrations of 50 g/ml and 100 g/ml, respectively. After
the inoculation of S. aureus into the tubes, they were placed in a
rotary shaker (HNY Rotary Shaker, Tianjin Honour Instrument Co.
Ltd., China) at 37◦ and 220 rpm for 18 h, followed by OD600 measure-
ments. For each concentration, three parallel tubes were measured.
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roplets using PhaR hydrophobic ends. (c) A stable emulsion was  formed in the pre
IC  of PhaR on E. coli was measured in the same way  as S. aureus
id, except that PhaR concentrations were 50, 80, 120, 150 and
00 g/ml in the tubes, respectively.
To investigate the antibacterial mechanism of PhaR, S. aureus
as selected for further experiments. S. aureus was  inoculated in
he test tubes and placed in the shaker in the absence of PhaR. When
D600 of every tube reached 0.3, PhaR was added into all tubes and
as diluted by the broth to become 80, 100, 120, 140 and 160 g/ml
n the tubes, respectively. After shaking at 37◦ and 220 rpm for 18 h,
D of every tube was measured.
. Results
.1. Production and puriﬁcation of PhaR from recombinant E. coli
L21 (DE3)
Plasmid pET28a -phaR encoding PhaR and his-tag (Fig. 1a) was
ransformed into E. coli Trans 5 (TransGen Biotech, Beijing, China)
o maintain its genetic ﬁdelity. The plasmid was expressed in E. coli
L21 (DE3) (Tiangen, Beijing, China) to produce PhaR and his-tag
ith a size of approximately 25 kDa (Fig. 1b). The puriﬁed PhaR was
nalyzed by SDS-PAGE (Fig. 1b). The PhaR solution was  subjected
o the freeze drying process (LGJ-10, Beijing, China) to obtain PhaR
n its powder form.
.2. Emulsiﬁcation function of PhaR
Similar to PhaP, PhaR-based emulsion was illustrated (Fig. 3).
ompared with other surfactants, including SDS, SO, Tween 20,
D (a commercial liquid detergent), BSA (bovine serum albumin),
haP and rhamnose, soluble (puriﬁed) PhaR showed the highest
mulsiﬁcation value (Fig. 4a–c), so was PhaR inclusion bodies.
When PhaR inclusion bodies were used to emulsify diesel, the
mulsiﬁcation value of PhaR inclusion bodies with a concentratione separated. (b) After vortexing, most PhaR were afﬁxed to the surface of the oil
 of PhaR.
of 1000 g/ml, was  as high as 50%, at 3000 g/ml, PhaR emulsiﬁ-
cation value reached 70% (Fig. 5a). In comparison, emulsiﬁcation
values of the two  controls were lower than 20%, demonstrating
that PhaR in the form of inclusion bodies rather than cell debris and
impurities emulsiﬁed diesel in water. When 3000 g/ml cell lysates
were used to emulsify diesel in water, a emulsiﬁcation value higher
than 30% was obtained (Fig. 5b).
3.3. Thermal stability of PhaR in emulsion
500 g/ml PhaR aqueous solution was heated at 95 ◦C for 60 min,
then the solution was added with diesel and soybean oil for emulsi-
ﬁcation study. As a control, diesel and soybean oil were emulsiﬁed
with non-heat treated PhaR under 2 min  vortexing, the emulsions
were subjected to heating at 95 ◦C for 60 min. Emulsiﬁcation val-
ues of the above two studies showed no obvious difference (Fig. 6a),
revealing highly thermal stability of PhaR at 95 ◦C for a period of at
least 1 h. Since the emulsiﬁcation function of PhaR is based on its
hydrophilic and hydrophobic ends, this experiment showed that
PhaR has structural stability at elevated temperature of at least
95 ◦C for at least 1 h. SDS-PAGE analysis of PhaR heated at 95 ◦C
for 60 min  showed that PhaR had structural stability (Fig. 1b).
3.4. Effect of PhaR concentration and mixing on emulsiﬁcation
0.5 ml  PhaR in concentrations of 500, 200 and 100 g/ml and
deionized water were used to emulsify diesel, soybean oil and
lubricating oil. After 2 days of storage in a dark room, emulsiﬁca-
tion values were measured and emulsion stabilities were studied.
The higher the PhaR concentration, the higher the emulsiﬁcation
value and the more stable the emulsion (Table 1 and Fig. 4d). When
same PhaR concentration was  used to emulsify the oils, emulsiﬁca-
tion values obtained under 30 s sonication were obviously higher
than that obtained by 2 min  votexing (Table 1). Obviously, the more
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Fig. 4. Study of the emulsiﬁcation ability of puriﬁed PhaR as a bio-surfactant. Chemical surfactants, including SDS, SO, Tween 20, LD and BSA as well as bio-surfactants PhaP
and  rhamnose with a concentration of 500 g/ml were employed as controls (a–c). PhaR and other surfactants were used to emulsify diesel, soybean oil and lubricating oil.
E ommo
v ith d
t
i
s
s
3
c
F
i
P
d
ixcept  for emulsifying lubricating oil, compared with other chemical surfactants c
alues  of 77%, 68%, 54% in the 2nd day and 75%, 68%, 52% in the 30th day. (d) PhaR w
he  higher the PhaR concentration, the higher the emulsiﬁcation value.
ntensive the mixing, for example sonication vs.  vortexing, the more
table the emulsion, and the less amount the PhaR needed for a
table emulsion..5. PhaR as a food or cosmetic additive
Since PhaR possesses amphiphilicity, it could have some appli-
ations in food or cosmetic industries. Compared the water contact
ig. 5. Study of the emulsiﬁcation ability of PhaR inclusion bodies and cell lysates. When P
nclusion bodies with a concentration of 3000 g/ml was  higher than 70%. In comparison,
haR  in the inclusion body forms rather than the cell debris and other cellular impurities w
iesel,  an emulsiﬁcation value higher than 30% was obtained. (c) SDS-PAGE analysis of P
nclusion bodies with a high purity were obtained. Same condition to express PHA synthanly used, PhaR showed the highest emulsiﬁcation ability, with the emulsiﬁcation
ifferent concentrations was used to emulsify diesel, soybean oil and lubricating oil,
angles between cosmetic hand cream coated surface and aqueous
solution of 500 g/ml chemical surfactants including SDS, Tween
20 and sodium oleate (SO), 500 g/ml PhaR and PhaP showed an
outstanding afﬁnity to the hand cream coated surface, their con-
tact angles were the lowest at 20◦ compared to at least 25◦ of other
surfactants (Fig. 8).
Under a light microscope (Nikon, ECLIPSE Ti, Japan), PhaR sta-
bilized full cream milk powder emulsion even though twice the
haR inclusion bodies were used to emulsify diesel, the emulsiﬁcation value of PhaR
 emulsiﬁcation values of the two  controls were lower than 20%, demonstrating that
as able to emulsify diesel. (b) When 3000 g/ml cell lysates were used to emulsify
haR inclusion body. Through optimization of culture conditions (Section 2), PhaR
se (PhaC) and PHA depolymerase (PhaZ) was adapted, both yielded high purity.
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Table 1
Effect of PhaR concentration and mixing on emulsiﬁcation.
Water phase PhaR (g/ml) Diesel Soybean oil Lubricating oil
(V) (S) (V) (S) (V) (S)
0 1.55 ± 0.12 1.98 ± 0.22 3.32 ± 0.98 4.23 ± 0.30 4.21 ± 1.09 6.89 ± 0.89
100  30.77 ± 3.85 35.8 ± 0.3.98 30.12 ± 3.21 40.32 ± 4.11 22.89 ± 1.89 30.32 ± 6.66
200  45.55 ± 3.32 54.56 ± 6.63 37.88 ± 3.02 47.83 ± 3.25 35.33 ± 4.01 45.32 ± 7.65
500  75.82 ± 5.85 85.98 ± 8.32 68.59 ± 5.01 69.89 ± 2.25 54.81 ± 3.33 69.32 ± 5.55
All data were obtained from three parallel samples.
V:  vortexing, the mixtures of oil and aqueous solutions were treated by maximum vortex
by  sonication of 60 W for 30 s. Details see Section 2.
Fig. 6. Study on the stability of PhaR and its emulsion. PhaR in group 1 was  heated
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at  95 ◦C for 60 min  before being used to emulsify the oils. In group 2, oils were
mulsiﬁed with PhaR without the heat-treatment. Instead, the emulsion was heated
t  95 ◦C for 60 min.
mount of the milk powder allowed by the user instruction was
dded to the water. Aggregation of milk powder particles became
ess obvious when PhaR was added to a concentration of 500 g/ml,
he milk droplets appeared smaller (Fig. 9a and b). The PhaR con-
aining milk emulsion remained stable even after three days of
torage at 25 ◦C (Fig. 9)..6. PhaR as an antibacterial agent
To investigate the Minimum Inhibitory Concentration (MIC)
f PhaR on S. aureus,  LB medium containing gradient PhaR
ig. 7. PhaR as antibacterial agent. (a) PhaR was diluted to 20, 40, 60, 80 and 100 g/m
s  controls. No growth was detected when the PhaR concentration was as low as 80 g/m
0  g/ml. (b) Similarly, MIC  of E. coli was measured at 150 g/ml for PhaR. (c) S. aureus w
oncentrations of 80, 100, 120, 140 and 160 g/ml, respectively. After inoculation for 18 h
ureus  was  visible when PhaR reached 120 g/ml.ing for 120 s; S: sonication, the mixtures of oil and aqueous solutions were treated
concentration of 20, 40, 60, 80, 100 g/ml were prepared.
50 g/ml Km and 100 g/ml AMP  were used as controls. MIC of
PhaR on E. coli was measured in the same way  as S. aureus was
except the gradient PhaR concentration were 50, 80, 120, 150
and 200 g/ml, respectively. No growth was observed when the
concentration of PhaR was  80 g/ml, indicating MIC  of PhaR on
S. aureus was  80 g/ml (Fig. 7a). While MIC  of PhaR on E. coli was
found at 150 g/ml (Fig. 7b).
Next, S. aureus was  cultured to reach an OD600 of 0.3, then,
PhaR was  added to the tubes to concentrations of 80, 100, 120,
140 and 160 g/ml, respectively. After incubation for 18 h at 37 ◦C
and 220 rpm, OD of each tube was  measured. Although MIC  of PhaR
on S. aureus was 80 g/ml, it could not completely inhibit the cell
growth when cell reached a certain density, in this case, an OD600
of 0.3. Similar phenomenon was observed when 50 g/ml of Km or
100 g/ml of Amp  was added into the cultures with an OD600 of
0.3. When the concentration of PhaR was enhanced to 120 g/ml,
no growth of S. aureus was  visible (Fig. 7c). All the above results
clearly showed that PhaR was  inhibitory to the bacterial growth.
4. DiscussionsCompared with all other surfactants, PhaR showed a clear
advantage as stated below (Fig. 4). When all the surfactants
were emulsiﬁed with diesel, lubricating oil, and soybean oil, the
l in the tubes, respectively. Km (50 g/ml) and AMP  (100 g/ml) were employed
l, revealing the minimal inhibitory concentration (MIC) of PhaR on S. aureus was
as  grown to reach an OD of 0.3. Subsequently, PhaR was added to the cultures with
 at 37 ◦C and 220 rpm, OD of every inoculation tube was  measured. No growth of S.
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Fig. 8. PhaR induced hydrophilicity. Water contact angles induced by PhaP and PhaR
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cosmetics products (Li et al., 2012), which are emulsiﬁed using
F
P
sas  the lowest compared with chemical surfactants including SDS, Tween 20, SO
nd  even water for a surface coated with oily hand cream.
mulsiﬁcation value of PhaR was much higher than the widely
sed chemical surfactant SDS and bio-surfactants rhamnose and
haP. This advantage was  more evident compared with BSA, SO,
nd Tween 20. Emulsiﬁcation values of PhaR with diesel oil and
oybean oil were higher than LD was, while lubricating oil has a
maller emulsiﬁcation value when LD was used. Importantly, PhaR
nduced emulsions of the three oil phases were relatively stable
fter 30 days.
Compared to the 2nd day, emulsiﬁcation value measured in the
0th day did not show a large difference (Fig. 4a–c). Protein inclu-
ion bodies containing PhaR, and cell lysates of E. coli Bl21 (DE3)
xpressing PhaR exhibited stronger emulsifying capacity compared
ith other four chemical surfactants including SDS, SO, Tween 20
nd LD, as well as control protein BSA.
When concentrations of protein PhaR inclusion bodies reached
000 and 3000 g/ml, the emulsiﬁcation values with diesel were
igher than 50% and 70%, respectively (Fig. 5a). As a comparison,
mulsiﬁcation value between cell lysates and diesel was more than
0% when the cell lysate reached 3000 g/ml (Fig. 5b). The use of
ell lysates containing PhaR for emulsiﬁcation is very signiﬁcant as
t saves cost for puriﬁcation and processing, leading to reduction
n the cost of PhaR application, which have been an important
ig. 9. PhaR stabilized full cream milk powder in a milk powder solution. Twice the amo
haR  was added to the powder suspension, the milk powder particles (droplets) were o
olution system was  more obvious after three days (b) compared with that after 2 h (a).hnology 166 (2013) 34– 41
factor restricting the application of the bio-surfactant in large scale
(Helmy et al., 2011).
PhaR was  found to be a robust protein stable to a temperature as
high as 95 ◦C. In two  different thermal processing treatments, emul-
siﬁcation values of diesel oil and soybean oil were 75% and 65%,
respectively (Fig. 6), indicating the thermal stability of the structure
and function of PhaR. This temperature is high enough for most of
the food industries which run pasteurization at 80–90 ◦C. In addi-
tion to its thermal stability, it was also found that a higher PhaR
concentration and an intensive mixing process led to enhanced
PhaR emulsion stability. The higher the PhaP concentration, the
more the stability of the emulsion (Table 1 and Fig. 4d).
Chemical surfactants sometimes result in secondary pollu-
tion (Sachdev and Cameotra, 2013). Bio-surfactants, as important
biotechnology products, are more favored compared with chem-
ical surfactants for industries of food, beverage, pharmaceutical,
cosmetics, oil and mining as agents for emulsiﬁcation, demulsiﬁ-
cation, wetting, penetrant and bubbling processes et al. because
of its low toxicity and biodegradability. Bio-surfactant production
relies on renewable materials instead of petrochemicals (Müller
et al., 2012; Shubhrasekhar et al., 2013; Xia et al., 2012; Khaje
Bafghi and Fazaelipoor, 2012; Ramani et al., 2012; Cerqueira et al.,
2012; Xu et al., 2011). In oil and mining industries, PhaR can play
an important role as oil transportation demulsiﬁers. In wastewater
treatment process, because of its high capacity of emulsiﬁca-
tion, environmental friendliness and biodegradability, PhaR can be
advantageous compared with traditional chemical surfactants. Pro-
duction of PhaR could become competitive in cost, as PhaR needs
not be puriﬁed, even the cell lysates possess a satisfactory emul-
siﬁcation capacity. Additional thermal stability will make PhaR
suitable especially for pasteurization process required by the food
industry.
In food and cosmetics industries, PhaR as a protein enjoys a dis-
tinct biodegradability advantages. Plant oils like soybean oil, animal
fats, and related derivatives are necessary additives in food andmostly chemical surfactants, which will surely inﬂuence tastes, ﬂa-
vors (Asker et al., 2011; Sagalowicz and Leser, 2010), and natural
activity of biological cells (Hubert et al., 2011; Jang et al., 2007).
unt of normally dissolved milk powder was added to the water. When 500 g/ml
bserved less in number and smaller in size. The function of PhaR to stabilize milk
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haR as a small protein, which showed good compatibility to oily
ubstrates (Fig. 8), should be friendly to skin and human body when
pplied ex vivo compared with chemical surfactants.
When PhaR was used as an additive to stabilize a full cream milk
owder suspension, less aggregation from milk powder particles
as observed with aggregates formed in smaller sizes in the pres-
nce of 250 or 500 g/ml PhaR compared with the control in the
bsence of PhaR, even though twice the amount of normal dissolved
ilk powder allowed by the user instruction was added. After three
ays, the PhaR stabilization phenomenon was more pronounced
Fig. 9). In this case, PhaR played a role as a dispersant, with its
ydrophobic end bound to the hydrophobic amino acid side chains
f the polypeptide, it hydrophilic end served to increase the solu-
ility of the milk protein molecules in water and prevented milk
owder aggregation, and thereby, improved the dispersibility and
tability of the milk powder system. Compared with SDS, Tween 20
nd SO, the contact angle between PhaR solution and cosmetic hand
ream was the smallest, indicating the highest afﬁnity between
haR and this oily cosmetics (Fig. 8). This strong cleaning ability and
he skin friendliness mentioned previously demonstrated a bright
rospect for PhaR as a cosmetic additive.
PhaR was also found to demonstrate excellent antibacterial abil-
ty against Gram positive S. aureus and Gram negative E. coli. The
inimum Inhibitory Concentrations (MIC) of PhaR to S. aureus and
. coli were not much different to the commonly used antibiotics
m and Amp (Fig. 7). This bactericidal PhaR could help ease the
rowing problem in antibiotic resistance (Björkman et al., 2013;
pellberg et al., 2013), and will also be beneﬁcial to the application
f PhaR as food and cosmetic additives.
. Conclusions
Polyhydroxyalkanoate (PHA) synthesis regulatory protein PhaR
as produced by recombinant E. coli. Its existences as a puriﬁed
nd soluble form, as inclusion bodies and cell lysates provided
mulsiﬁcation abilities to various oils in water. Remarkably, PhaR
mulsiﬁcation ability was demonstrated to be better than com-
only used chemical surfactants. Meanwhile, PhaR was found to
e stable at least 95 ◦C for at least 1 h. Combined with its excellent
ntibacterial ability, PhaR should have a bright future in food and
osmetic industries.
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